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Summary
A study was made of helicopter tail rotor noise, particularly
that due to interactions with the main rotor tip vortices, and with
the fuselage separation mean wake.
The tail rotor blade - main rotor tip vortex interaction is
modelled as an airfoil of infinite span cutting through a moving
vortex. The vortex and the geometry information required by the
analyses are obtained through a free wake geometry analysis of the
main rotor. The acoustic pressure-time histories for the tail rotor
blade-vortex interactions are then calculated. These acoustic
results are compared to tail rotor loading and thickness noise, and
are found to be significant to the overall tail rotor noise
generation. Under most helicopter operating conditions, large
acoustic pressure fluctuations can be generated due to a series of
skewed main rotor tip vortices passing through the tail rotor disk.
This noise generation depends strongly upon the helicopter operating
conditions and the location of the tail rotor relative to the main
rotor.
The interaction between the tail rotor and the fuselage
separation mean wake does affect the loading noise characteristics,
however it does not seem to be as important as the other harmonic
noise sources such as thickness noise and blade-vortex interaction
noise. However, the fuselage separation wake turbulence is important
to tail rotor broadband noise.
Main Rotor Tip Vortex-Tail Rotor Interaction
During the forward flight of helicopters, tail rotors operate in
a very complicated environment containing the main rotor wake, the
fuselage wake, etc. 1 In this section, we will focus particularly on
the tail rotor chopping the tip vortex convecting from the main
rotor. The strong and concentrated main rotor tip vortex can
generate significant velocity perturbations in the inflow field of
the tail rotor. Using thin airfoil theory, these strong velocity
perturbations can result in large unsteady loadings on the tail rotor
blades; significant noise is therefore generated. In order to study
the problem, clearly we first have to define the main rotor tip
vortex trajectory around the tail rotor disk during flight conditions
of interest.
Main Rotor Tip Vortex Free Wake Geometry Calculation
Since the main rotor tip vortex system is generally highly
distorted, classical rigid wake analysis cannot predict the accurate
trajectories of the vortex. The calculation of the free wake
geometry of main rotor tip vortex is very important because the
trajectories of vortex directly affect the characteristics of the
interaction and the noise generated. In the present study, we use
the comprehensive rotorcraft aerodynamics and dynamics analyses
program (CAMRAD) of Johnson 2 to calculate the main rotor tip vortex
wake geometry. The CAMRAD analysis is based on a rotor - free wake
goemetry calculation model of Scully 3.
In our application, we assume non-uniform inflow at the main
rotor disk, but the presence of the tail rotor is assumed to have no
effect on the main rotor tip vortex system, and no fuselage wake
effect is included. To demonstrate the analysis procedure, the UH-ID
was selected to be the model helicopter for the present study. Three
cases were run, which corresponding to a UH-ID at i00, 80, and 60
knots level flight respectively. Free wake geometry results are
presented in figures 1 through 3. From these results, the
interactions between the tail rotor blade and the main rotor tip
vortex are evident.
Determining the Locations of Blade-Vortex Interactions
The characteristics of a certain blade-vortex interaction are
mainly determined by its location on the tail rotor blade. The
normal incident velocity of the ingesting vortex relative to the tail
rotor blade, the strength of the ingesting vortex element, and the
skew angle between the ingesting vortex element and a line parallel
to the rotor axis are the main controlling parameters for the tail
rotor blade-main rotor tip vortex interaction noise. These
parameters are generally not constant as a vortex sweeps through the
tail rotor disk. Figures 4 through 6 present the main rotor tip
vortex trajectories on the tail rotor disk, they correspond to the
three cases shown in figures 1-3; the points shown are interpolated
from the free wake geometry analysis results, and each point is
exactly 15 degrees (main rotor rotation) apart.
Notice that the tip vortices involving in the interactions with
the tail rotor are relatively "young" (less than 180 ° for all three
cases considered), which implies that the ingested vortices are not
fully rolled-up (Johnson 2 had suggested that a vortex is not fully
rolled-up unless the vortex age is larger than 180 ° or so). Since a
vortex is not fully rolled-up, the strength of the ingesting vortex
should be less than the maximum bound circulation on the main rotor
blade; we followed the assumption made by Scully 3, and set the
strength of the tip vortex strength to 0.8 of the maximum bound
circulation on the main rotor blade span.
Also the tail rotor RPM is generally not an integer multiplier
of the main rotor RPM; the location of the blade-vortex interaction
is different for each main rotor revolution. In the present study,
both # 1 blades of the main and the tail rotors are set such that
both blades will start from _ = 0° initially. (Figure 7 shows the
definitions of azimuthal angle for both the main and the tail
rotors.) The exact locations of a series of blade-vortex
interactions can then be determined numerically. These results are
shown in tables 1-3, they provide the required input data for the
aerodynamic and acoustic analyses and are used in the following
sections. Sketch of blade-vortex interaction geometry and vortex
orientation are shown in figure 8.
Noise Generation Due to Blade-Vortex Interaction
The tail rotor blade-vortex interaction is modelled as a flat
plate of infinite span chopping through a moving skewed vortex using
a method similar to that of Amiet 4. The acoustic pressure-time
behavior is related to the airfoil lift response for certain
perturbation velocity field. According to Amiet, the far field
pressure-time history is given by
p(t) = i" (KczP0U2/2a0 _2) x'w(kx, ky) "L(kx,ky,M)
'exp(i (kxUt+_(Mx-(;))) dk x
where P0 is the density of the acoustic medium, c is the tail rotor
blade chord, a 0 is the speed of sound, M = U/a0, _ = kxM/(l-M2), and
=/x2+(l-M2) (Y2+Z2) •
reference 4 for details.
L is the effective lift function; see
w is the Fourier decomposed vortex velocity
field.
In the present study, the effect of a moving vortex is included
numerically, so U is the vortex normal velocity relative to the
blade. Also in order to be consistent with the free wake geometry
analysis, a different vortex model is used. In the present analysis,
the tangential velocity for a concentrated vortex is defined by the
widely used model:
V8 = (F/2Kr).r2/(r2+rc 2)
where F is the vortex strength, r c is the vortex core radius (r c
equals to 0.0025 of the main rotor tip radius in the present study).
The vortex model Amiet used is given by
V8 = (F/2Kr) • (I+i/2_) • (l-exp (-_(r/r c) 2)
where _ = 1.25643. At large radial location, the vortex model used
in the present study decays more slowly than the model used by Amiet.
Figure 9 shows the comparison between the two vortex models. Since a
different vortex model is used, w, the Fourier decomposed vortex
velocity which is normal to the tail rotor plane, is replaced by
j J= i'tanSvFrckyK 1 (rc ky2+kx2/COS28v )/ ((2_) 2 ky2+kx2/COS28v )
where K 1 is the modified Bessel function of the second kind, 8v is
defined in figure 8. It should be noted that _ only accounts for the
effect of the tangential velocity of the vortices; the axial flow in
the main rotor tip vortices is neglected in the present analysis as
discussed in the conclusion.
To evaluate the effect of using the present vortex model, the
acoustic pressure-time history for a given blade-vortex interaction
is compared to that obtained using Amiet's original analysis. The
comparison is shown in figure i0. Beside minor differences, the two
different analyses show very similar pressure-time behavior.
The data defining a series of blade-vortex interactions which we
had obtained in the previous section are now used as the input for
the noise calculation. Figure ii shows the pressure-time history
results for the tail rotor blade-main rotor tip vortex interaction of
a UH-ID helicopter for I00 knots level flight (horizontal tick marks
are 0.i second apart); the far field observer is assumed to be
stationary relative to the helicopter (the helicopter is positioned
50 m above the observer , and 25 m to the right of the observer).
Notice that the pressure peaks are not separated by equal time
intervals; therefore if one Fourier analyzed the pressure-time
history, the resulting acoustic spectrum will behave more like
broadband noise with widened spectrum peaks rather than pure
harmonics. Figure 12, with a smaller time scale (horizontal tick
marks are 0.01 second apart), shows the first 0.2 seconds of figure
II, showing the detailed shapes of the pressure peaks resulting from
tail rotor blade-vortex interactions. Clearly an interaction with
large normal velocity will result in a large but relatively short
perturbation pressure peak; while an interaction characterized by
smaller normal velocity will result in a lower but longer pressure
perturbation.
Figures 13 and 14 show the similar results for a UH-ID at 80
knots level flight. Figures 15 and 16 show the acoustic results
corresponding to the 60 knots level flight cases.
Effect of Tail Rotor Location
As discussed previously, the vortex trajectory on the tail rotor
disk is very important to the tail rotor blade-vortex interaction
noise. The tail rotor location relative to the main rotor, and the
helicopter operating conditions are two primary variables that change
the vortex trajectories on tail rotor disk. To study the effect of
tail rotor location on the blade-vortex interaction noise, we
artificially lowered the UH-ID tail rotor by 0.5 m. This will cause
the blade-vortex interactions to occur with advancing blades, thus
enhancing the strength of the interactions.
For the I00 knots level flight case, the main rotor tip vortex
trajectory on the tail rotor disk is now shown in figure 17. Notice
that the path is higher than that shown in figure 4 due to a lowered
tail rotor. As before, the interaction locations and vortex
properties are then determined; results are shown in table 4. The
acoustic pressure-history of the tail rotor blade-vortex interaction
is shown in figure 18. There are considerable differences between
the results shown in figures I0 and 18. Since the vortex is passing
through the advancing side of the tail rotor, this results a higher
relative velocity between the tail rotor blade and the vortex
element, so generally the pressure perturbation has higher peaks.
Also the interactions are more frequent than previous cases.
Unquestionably, with this configuration (with lowered tail rotor),
tail rotor noise will be higher than that from a standard tail rotor.
Figure 19 shows the first 0.2 seconds of figure 18, showing the
detailed pressure peak shape.
The 80 knots flight case is also studied; the tail rotor is also
lowered by 0.5 m as in the previous case. The tip vortex trajectory
is shown in figure 20. The input data to the acoustic analyses are
given in table 5. The acoustic results are shown in figures 21 and
22. Again the results show higher pressure peaks and more frequent
interactions.
CQ_parison to Other Noise Mechanisms
The tail rotor blade-vortex interaction noise is compared to
other tail rotor noise sources in order to determine its relative
importance to the overall helicopter noise radiation. We compare the
noise generated by tail rotor blade-vortex interaction to the
thickness noise and the steady loading noise. The thickness and
loading noises are calculated using program WOPWOPof Langley, the
calculations are based on the analysis of Farassat 5 Tail rotor
loading is calculated using approximate aerodynamic analysis, and the
loading is matched to balance the main rotor torque calculated in the
free wake geometry analysis.
Only one case is presented, this is for a standard tail rotor at
I00 knots level flight. Figures 23-26 plot the first four tail rotor
blade-main rotor tip vortex interaction signals (see figure Ii) along
with the calculated thickness and loading noise results. Each figure
shows the pressure-time history representing one tail rotor
revolution; the solid line shows the overall thickness and loading
noise, and the dash line shows the tail rotor blade-vortex
interaction signal.
Notice that these figures do not include some of the strongest
peaks, and they do not represent four consecutive tail rotor
revolutions. For cases such as a i00 knots UH-ID with lowered tail
rotor, the result not presented here show stronger tail rotor
blade-vortex interaction peaks. However, even in the case shown, the
importance of the tail rotor blade - main rotor tip vortex
interaction is quite evident.
Tail Rotor - Fuselage Separation Wake Interaction
The effect of the fuselage separation mean wake on tail rotor
noise is also studied. The separation mean wake is modelled as an
axially-symmetric wake, and the wake is assumed to be steady. This
will primarily affect the loading noise as the tail rotor inflow is
changed. We scaled the BK-II7 fuselage separation wake results of
Polz and Quentin 6 and use them to calculate the resulting loading
noise. The fuselage separation mean wake for an 80 knots level
flight BK-II7 is expressed by the velocity deficit Ud:
U d = 0.7 U h exp(-(z+l.15)/0.8656)
where U h is the helicopter flight speed, and the definition of z is
shown in figure 8.
The results are shown in figures 27 and 28; figure 27 gives the
acoustic pressure-time history for 180 ° of the tail rotor rotation,
and figure 28 shows the acoustic pressure spectrum obtained from the
pressure-time history results shown in figure 27. In figure 27, the
solid line shows the overall noise, the dash line shows thickness
noise, and the dotted line shows the loading noise. In figure 28,
the 'o' symbols show the overall harmonic noise level, the '+'
symbols represent the thickness noise, and the '*' symbols represent
the loading noise. Figures 29 and 30 show similar results for the
BK-II7 in 80 knots level flight except that no fuselage separation
wake effect is included. Both of the two cases are for an observer
fixed in space, and the BK-II7 is 50 m above the observer and 25 m to
the right of the observer. Notice that the pressure-time histories
shown in figures 27 and 29 are not periodic, this is due to the fact
that the observer is not moving with the helicopter.
In this particular case, the loading noise is much smaller than
the thickness noise, and the fuselage separation wake does not result
9
in any significant change to the overall tail rotor noise. Since the
presence of the fuselage separation mean wake generally does not
result in any unsteady loading fluctuation of significant amplitude
on the tail rotor blade, it will not be very significant to the tail
rotor noise. However, the fuselage separation wake turbulence will




Tail rotor blade-main rotor tip vortex interaction is a very
important tail rotor noise mechanism. The noise generated depends
strongly on the main rotor operating conditions and on the tail rotor
location. Major parameters governing this blade-vortex noise
generation are the ingested vortex strength, the ingested vortex skew
angle relative to the blade, and the relative velocity of the
ingested vortex to the tail rotor blade. The present study shows
that this noise mechanism is at least of the same order of magnitude
as some of the strongest tail rotor noise sources such as thickness
noise. More detailed study should be devoted to the problem
considering a vortex chopped by an airfoil of finite span.
The present study does not include the possibly major effect of
the axial flow in the main rotor tip vortex. This can be another
strong contributor to the unsteady loading fluctuation on a tail
rotor blade. The result of free wake geometry analysis does indicate
some evidence of the main rotor tip vortex drifting normal to the
tail rotor disk. Also the strength of main rotor tip vortex is not
constant, this will result in an axial pressure gradient inside the
vortex, thus inducing some axial flow. These important problems
should be addressed in future studies.
The fuselage separation mean wake effect does not seem to be as
important as the tail rotor blade-vortex interaction noise. However,
the fuselage turbulent wake, with small scale turbulent eddies, will
be an important tail rotor broadband noise source when it is ingested
into the tail rotor disk.
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TAIL ROTOR BLADE-VORTEX INTERACTION
UH-ID I00 KNOTS, STANDARD TAlL ROTOR





















































































































































































































































TAlL ROTOR BLADE-VORTEX INTERACTION
UH-ID 80 KNOTS, STANDARD TAIL ROTOR





































































































































































































































































































































TAlL ROTOR BLADE-VORTEX INTERACTION
UH-ID 60 KNOTS, STANDARD TAlL ROTOR
















































































































































































































































































































































































































































































TAlL ROTOR BLADE-VORTEX INTERACTION
UH-ID I00 KNOTS, LOWERED TAIL ROTOR



























































































































































































































































































































































































TABLE 4 - CONTINUED
RADIUS T.R. PSI U THETAV PHIV GAMMA T.R. #
2555.707 0.888 135.482 182.044 19.188
2581.102 0.461 83.806 133.406 19.215
2604.881 0.754 23.847 163.381 19.306
2732.106 0.975 138.493 194.708 19.179
2758.263 0.477 93.204 134.420 19.211





























TAIL ROTOR BLADE-VORTEX INTERACTION
UH-ID 80 KNOTS, LOWERED TAlL ROTOR
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